Two Sm-Nd internal isochrons for pyroxene gabbros of the Bay of Islands Ophiolite Complex give well-defined ages of508 ± 6 m.y. and 501 ± 13 m.y. with initial 143 Nd/ Sr within the different phases of the complex is found to be highly variable (-52 E units) and shows the effect of sea water alteration. The ENd values demonstrate a clear oceanic affinity for the Bay of Islands complex and support earlier interpretations made on the basis of structure and geochemistry. The magnitudes of the initial ENd values (+7.6) are somewhat smaller than for typical present-day midocean ridge basalts (MORB) ( + 10). This is most likely due to differential evolution over the past 0.5 aeon of the oceanic mantle relative to the bulk earth. The observed shift is quantitatively whllt should be expected for a simple single-stage evolution. For a model with a single differentiation event at time T 0 to produce the depleted mantle, both Sm-Nd and Rb-Sr data for MORB and the Bay oflslands Complex give T 0 ::::: 1.8 aeons. This age is, however, interpreted as the mean age of the MORB source and does not refer to a unique event. The total time for producing this source by a uniform process would be of the order of 3.6 aeons. The Nd isotopic signature of oceanic crust is clearly present in this Paleozoic ophiolite and suggests that typical high-ENd reservoirs are sources of oceanic crust through the Phanerozoic. This implies relatively rapid turnover between oceanic crust and mantle sources and a good mixing of oceanic mantle for the past 1.0 aeon, including contributions from recycled continental materials. These data indicate that the major distinction between oceanic basalts and continental basalts observed in recent rocks is also preserved through the Phanerozoic. These isotopic differences clearly imply a long time distinction between the magma sources of these basalt types. It should be possible to apply the distinctive ENd values of oceanic crust and mantle to identify old obducted oceanic segments on continental blocks.
INTRODUCTION
There is a considerable amount of Nd, Sr, and Pb isotopic data available on both old and young continental crustal rocks. These data have contributed significantly to our understanding of the evolution of the continental crust. For the oceanic crust, only very young samples have been measured because the present-day oceanic crust is geologically very young (:s 0.18 aeon) (I aeon= I AE = 10 9 years) in comparison with the continental crust (0-3.8 aeon). Remnants of oceanic type crust appear to be present within the continental crust back through the Phanerozoic, although they are in places difficult to recognize. Very little is known, however, about oceanic magma genesis in the Precambrian, and clear evidence for preserved Precambrian oceanic crust is at present lacking.
Constraints on the evolution of oceanic crust and mantle are provided by available Rb-Sr, U-Th-Pb, and Sm-Nd data on young oceanic· basalts. It is well known that Rb/Sr ratios in many midocean ridge basalts (MORB) are too low to support their 87 Sr/ 86 Sr ratios (Tatsumoto et a/., 1965] . Assuming that Rb/Sr ratios of MORB are not less than those for their source regions, it follows that the mantle source for MORB has been depleted in Rb in relation to Sr (Tatsumoto et a/., 1965; Gast, 1968] . Gast [1968] proposed that MORB are derivatives of a mantle which has been left as a residue from previous partial melting in the mantle.
DePaolo and Wasserburg [1976a, b, 1979c] showed that continentalftood basalts (CFB) are derived from reservoirs which Copyright © 1979 by the American Geophysical Union.
have condritic Sm/Nd ratios and that MORB were derived from ancient reservoirs which are distinct from those of the continental basalts and characterized by higher Sm/Nd. DePaolo and Wasserburg [1976b] and O'Nions eta/. [1977] also showed that for young volcanic rocks with 87 Sr/ 86 Sr ratios less than -0.705 there is a strong correlation between initial 143 Nd/' 44 Nd and initial 87 Sr/ 86 Sr. The correlation is broadly consistent with known solid/liquid distribution coefficients which indicate that a residue after partial melting would be expected to have had its Sm/Nd ratio increased and its Rb/Sr ratio decreased. However, such a strong correlation was not expected.
The timing of the fractionation events in the MORB sources is of considerable current interest. The data have been interpreted in terms of a single mantle fractionation event. PbPb two-stage model isochrons (Church and Tatsumoto, 1975; Sun and Jahn, 1975] and Rb-Sr 'mantle isochrons' (Brooks et a/., 1976 a, b] have been used to infer differentiation ages of the order of 1.5-1.8 aeons, while Sm-Nd model ages for primitive oceanic tholeiites suggest a differentiation age of -1.1 aeons for the MORB source (Carlson eta/., 1978] . However, the data do not exactly fit a two-stage model, so multistage models or continuous fractionation models have also been favored (O'Nions eta/., 1978b] .
All the above cited data were obtained on young oceanic basalts. There is at present no isotopic study available on ancient oceanic crust. Most geologists now agree upon an oceanic origin for the ophiolites found in many mountain belts. Ophiolites are believed to be pieces of oceanic crust and [1978] . The sample numbers show the location of samples in the stratigraphy. mantle emplaced on the continent during the early stages of orogenesis resulting from plate collision. Studies of thickness, structure, seismic wave velocities, and geochemistry of ophiolite suites indicate a close analogy between ophiolites and oceanic crust and mantle formed at midocean ridges (for a review, see Coleman [1977] ). Spreading plate margins occur also in small ocean basins, and these are of considerable importance as proposed origins of ophiolite complexes [Dewey and Bird, 1971; Karson and Dewey, 1978] . We have therefore carried out aNd and Sr isotopic study of an early Paleozoic ophiolite, the Bay of Islands Complex, in order to (l) characterize the source of the magmas which formed this ophiolite, (2) determine if these magmas were derived from a mantle reservoir similar to that ofMORB, (3) determine the age by the internal Sm-Nd mineral isochron method and establish whether or not a Sm-Nd whole rock isochron exists for the complex, and (4) discuss the evolution of the oceanic mantle through time and attempt to understand the significance of proposed differentiation ages of the MORB source.
THE BLOW-ME-DOWN MASSIF OF THE BAY OF ISLANDS COMPLEX Geology
The Bay of Islands Complex (-750 km 2 ) is the best preserved of the early Paleozoic ophiolites in the Appalachians. It is located on the western coastline of Newfoundland and consists of four isolated massifs. The Blow-Me-Down massif is structurally the least complicated and is stratigraphically nearly complete (Figure 1 ). The geology of the Blow-MeDown massif has been described by Smith [1958] , Williams and Malpas [1972] , Williams [1973] , and Salisbury and Christensen [1978] . Salisbury and Christensen [1978] showed that the seismic velocity structure of the massif is indistinguishable from that of normal oceanic crust. The Bay of Islands Ophiolite Complex is widely believed to represent a section of normal oceanic crust and upper mantle. However, some other 'ophiolitic' complexes in Newfoundland are thought to represent the foundation of island arc complexes, seamounts, and oceanic fracture zones [Williams and Talkington, 1977; Williams and Stevens, 1974; Karson and Dewey, 1978] .
In the Blow-Me-Down massif the ultramafic rocks are dominantly harzburgitic; however, a considerable thickness of spinel lherzolite occurs at the base of the northernmost massif (Table Mountain) . Both types clearly display tectonite fabrics thought to have developed by solid state deformation in the mantle. The tectonite fabric both cuts and is cut by numerous orthopyroxenite and dunite veins that probably crystallized from liquids trapped in the harzburgite during its ascent as a plastic mass from below a spreading center. The harzburgite is thought to represent depleted upper mantle peridotite produced by partial melting of lherzolite and subsequent removal of the basaltic liquid [Irvine and Findlay, 1972; Malpas, 1978] . The spinel lherzolite may represent this source lherzolite or may be partially melted mantle material with incomplete liquid extraction. Overlying the harzburgites are dunites and feldspathic dunites with cumulate textures. Cumulate gabbros lie above the ultramafic rocks, and an interbanded zone of anorthosites, troctolites, and feldspathic dunites separates these two rock types. The gabbros are clearly enriched in cumulate plagioclase. The crystallization sequence of the gabbros is olivine followed by olivine + plagioclase and olivine + plagioclase + clinopyroxene. In the upper parts of the gabbro, late differentiates of trondhjemite occur. Dolerite dikes increase in quantity at the top of the gabbro, and higher up they become 'sheeted' (100% dikes) and feed the overlying pillow lavas. The sheeted dike complex and the pillow lavas reach a total thickness of about 2.5 km where they are overlain by sediments. There is a rapid downward increase in metamorphic grade from zeolite through prehnite-pumpellyite to greenschist facies, suggesting ocean floor metamorphism under a high geothermal gradient [Einarson, 1975; Salisbury and Christensen, 1978] .
Samples
Samples were collected by one of us (S.B.J.) during the summer of 1978 along the same general profile used by Salisbury and Christensen [1978] . Sample BOI-62B was obtained from N. Christensen. The Blow-Me-Down massif shows little evidence for postemplacement metamorphism, and good exposures with minimal weathering occur at all structural levels. Care was taken to obtain large samples free of weathering, but the alteration features characteristic of ophiolites could not be avoided. Above the pyroxene gabbro, all rocks are strongly altered to zeolite, greenschist, or amphibolite facies owing to preemplacement metamorphism, although relict igneous textures are common. Rocks with only minor alteration were found within the pyroxene and olivine gabbro units. The ultramafic rocks are serpentinized throughout the section, but care was taken to obtain samples with minimal serpentinization.
The stratigraphic position of the samples is shown in Figure  l . BMD-18A and BMD-3 are harzburgites where the primary assemblage appears to have been 77% olivine, 20% orthopyroxene, and 3% chrome spinel. About 50% of the olivine is altered to serpentine, and -50% of the orthopyroxene is altered to bastite. BMD-17 is a sample from a 10-cm-thick layer of 1-to 3-cm-sized orthopyroxene crystals which occurs between -10-cm-thick layers of dunite within the harzburgite. The cumulate gabbro samples BMD-2A, BOI-62B, and BMD-7 were selected for their freshness and preservation of primary magmatic minerals. They all have -50% plagioclase, 20--30% clinopyroxene, and variable amounts of olivine, brown and green primary hornblende, and rare orthopyroxene. BOI-62B is the only gabbro sample where orthopyroxene is a major phase (-20%). BMD-2A shows only very minor saussuritization of plagioclase and rare alteration of olivine to serpentine. BOI-62B and BMD-7 show minor saussuritization of plagioclase, some secondary amphibole, and minor alteration of olivine to serpentine. BMD-8 is a metagabbro with green hornblende, epidote, and plagioclase, and BMD-14 is a trondhjemite from the upper part of the metagabbro. Both samples have strongly saussuritized plagioclase. BMD-12A is from the sheeted dike complex and has -45% secondary green amphibole, 50% plagioclase, and <I% of relict clinopyroxene. The plagioclase is brownish, cloudy, and saussuritized. Chlorite and blue-green amphibole also occur, but the relict subophitic texture shows the original dike rock was a dolerite. BMD-10 is a fine-grained greenschist facies metadolerite from the upper brecciated part of the sheeted dike complex. BMD-24 is a fine-grained pillowed metabasalt with a highly altered brownish groundmass with relict clinopyroxene and highly altered clinopyroxene and plagioclase phenocrysts. Zeolites and calcite occur in separate clusters in the groundmass and within amygdules.
EXPERIMENTAL PROCEDURES AND DATA REPRESENTATION
Mineral separates were obtained magnetically and purified by handpicking. The plagioclase separates are better than 99% pure. The clinopyroxene separate for BMD-2A contains -20% plagioclase and -80% clinopyroxene due to the finescale intergrowth of plagioclase and pyroxene. For BMD-7 the clinopyroxene separate was free of plagioclase; however, it contains some primary green amphibole. Whole rock samples of -20 g were crushed, and 1-to 3-g splits were dissolved in HF and HCI0 4 • Sample BMD-l8A had an insoluble residue of chrome spinel. Detailed descriptions of procedures are given by Papanastassiou and Wasserburg [1973] and by Papanastassiou et al. [1977] . Errors given for 143 Nd/ 144 Nd and 87 Sr/ 86 Sr are 2a mean of 200--300 ratios for Nd and 100--200 ratios for Sr. K, Ba, Rb, Sr, Sm, and Nd concentrations were obtained by isotope dilution techniques. Small (<I%) aliquots of each sample were used to establish the approximate concentrations of these elements and the remaining solution was then spiked optimally to determine precise concentrations and isotopic compositions. Typically, an aliquot containing -100-to 200-mg sample was processed through the ion exchange columns a single time with a blank of 25 pg for Nd and 100 pg for Sr. For sample BMD-l8A an aliquot containing 500 mg of sample was split into two aliquots, which were separately passed through the first ion exchange column. The rare earth element (REE) fractions from these two aliquots were then together passed through the second column for separation of N d and Sm. The estimated blank for this procedure is 50 pg for Nd. For this sample a blank correction was made corresponding to 0.4 e units for 143 Nd/ [1916a, b, 1977] . The mantle reservoir used as a reference for the Sm-Nd system (CHUR) has a nominal chondritic Sm/Nd ratio with (' 47 Sm/ 144 Nd)cHuR 0 = 0.1936 and 143 Nd/ 144 Nd ratio today of IcHuRNd (0) = 0.5ll836 [DePaolo and Wasserburg, 1916a) . The ratio 143 Nd/ 144 Nd in CHUR at any time Tin the past is given by (Rb/Sr)uR (3) and M denotes the measured value. We emphasize the fact that the precise values for the bulk earth are not well known, although the estimates given above are widely used. However, it seems unlikely that the value of IcHuRNd(O) which we are using is more than 2-3 e units different from the true value [DePaolo and Wasserburg, 1916a, b) . This will not significantly alter the following discussion, although it might change substantial details of interpretation.
DISCUSSION OF RESULTS FOR THE BAY OF ISLANDS COMPLEX

LI L Element Patterns
From the major element chemistry it is clear that the Bay of Islands Ophiolite Complex is tholeiitic [Malpas, 1978) . It is therefore of interest to compare the trace element data for the Bay of Islands Ophiolite (Table l) with those of a variety of oceanic and continental tholeiitic basalts (Table 2 ) to see whether these data indicate an oceanic affinity independent of inferences based on geologic structure or isotopic ratios. It has been known for over a decade that midocean ridge tholeiites have very distinctive large ion lithophile (LIL) element depleted patterns [Tatsumoto et al., 1965; Engel et al., 1965) . However, a recent study of incompatible element variations along the Mid-Atlantic ridge [White and Schilling, 1978] has shown that tholeiites from certain ridge segments are anoma- lous in that they show strong LIL element enrichment and resemble tholeiites from oceanic islands or continents. These occurrences are presumably rare, and it is reasonable to assume that the LIL-depleted patterns are characteristic of the predominant oceanic tholeiites. The extent to which this trace element chemistry is characteristic throughout geologic time remains a fundamental question. The pillow basalt BMD-24 has concentration levels and a K/Rb ratio that compare well with normal midocean ridge tholeiites; however, its K/Ba ratio is lower than that of typical MORB. The dolerite samples BMD-10 and BMD-12A have somewhat higher concentrations and high K/Ba ratios typical of MORB. Alteration of ocean floor basalts generally leads to an increase in the concentration of K, Rb, and Ba and the K/Ba ratio . Therefore even considering the altered nature of these samples, we conclude that they show an affinity with normal midocean ridge tholeiites. The LIL element patterns also are distinctly different from those of oceanic island, island arc, and continental tholeiites but similar to those of tholeiites from marginal basins. Rare earth patterns from the Bay of Islands Complex have been reported by Malpas [1978] , and our Sm and Nd concentrations and the implied fractionation patterns are compatible with these. There is a clear similarity of the REE pattern of the pillow lavas with the light rare earth element (LREE)-depleted patterns of normlJ.l midocean ridge basalts. The dolerites have a somewhat lower REE abundance and stronger LREE depletion than the pillow lavas. The gabbros have very low Rb and REE concentrations and show strong LREE depletion and positive Eu anomalies. This is consistent with the interpretation that they are plagioclase-enriched cumulates.
Analyses of other ophiolites show the same pattern of REE, K, Rb, Sr, and Ba contents [Allegre eta/., 1973; Kay and Senechal, 1976] for basalts, dolerites, and gabbros as those of the Bay of Islands Complex. Allegre et al. [1973] have shown that these typical REE patterns for the pillow lavas, dolerites, and cumulate gabbros of ophiolites can be modeled by closed system fractional crystallization using the observed cumulate assemblages in the gabbros.
The harzburgites show extremely low contents of incompatible elements (Table 1 ). The concentrations ofNd and Sm are a factor of -500 lower than chondritic abundances and a factor of -1 Q4 lower than in the dolerites and basalts. These low concentrations support the hypothesis that the harzburgite is the residual mantle remaining after extraction of midocean ridge basalt magmas, although owing to the serpentinized nature of these samples, details of the interpretation are not clear. Available data on harzburgites from other ophiolites show that they also have very low REE concentrations Montigny et al., 1973; Kay and Senechal, 1976] . However, their Sm and Nd concentrations are lower by only a factor of -300 in relation to overlying basalts and dolerites. In all cases, however, very efficient extraction of LIL elements from the source of midocean ridge basalts is indicated. For the interpretation of Nd and Sr isotopic data on midocean ridge (MOR) basalts and ophiolites it is of importance tO have good estimateS Of [Rb/Sr and rsm/Nd in their SOUrces. The average values for the oceanic crust may presumably be taken as the average value for the present-day MORB source. The average of individual ophiolites may be taken as estimates for their sources. This should be a good approximation, since the harzburgite residue left in the mantle after production of MOR tholeiite magmas contains insignificant amounts of LIL elements as discussed above. Oceanic gabbros and ophiolitic gabbros give an average [Rb 18 ' = -0.95 ± 0.05 [Kay et al., 1970; Spooner et al., 1977] (see Table 4 ). The average value for unaltered normal MORB is [Rb;sr = -0.8 ± 0.1. The average Sr concentration is about 100 ppm in both the upper (basalt and dolerite) and the lower (gabbro) oceanic crust, which as a final result gives an average value for oceanic crust of[Rb;sr= -0.9~~-~5 • From the data in Table 4 this f value also seems to apply to the Bay of Islands Complex. The average of 30 normal MORB gives rsm/Nd = +0.12 and Nd = 6.5 ppm [Kay et a/., 1970; Carlson et a/., 1978] , and the average of 6 oceanic gabbros [Masuda and Jibiki, 1973; Kay et al., 1970] gives rsm/Nd = +0.42 and Nd = 3. from the data in Table 4 and the REE patterns of Ma/pas [1978] . Assuming that the lower half of the oceanic crust is made of gabbro, this gives fsm;Nd = +0.22 and (Sr/Nd):::::: 22 for the average oceanic crust.
Age and Initial Nd and Sr
We have attempted to determine the crystallization age using the 147 Sm-143 Nd method on two unaltered gabbro samples BMD-2A and BMD-7. The difficulty of obtaining precise dates on old terrestrial mafic and ultramafic rocks is well known. Other methods (K-Ar, Rb-Sr, U-Th-Pb) are much more susceptible to element redistribution subsequent to the time of crystallization and in many cases give a metamorphic age or intermediate ages of doubtful meaning rather than the time of crystallization. Using these methods, it is often necessary to use minor phases and/or associated differentiated rocks whose relationship to the mafic/ultramafic rocks is difficult to establish unequivocally. However, with the Sm-Nd method it is possible to !letermine directly the crystallization age of major mafic/ultramafic igneous rocks. Sufficiently large differences in Sm/Nd ratios exist between plagioclase and pyroxene, which are the most common ph~s in gabbroic rocks, such that the Sm-Nd system can be used to obtain precise ages for most gabbroic rocks. The success of this approach has been shown for anhydrous systems in meteoritic and lunar basic rocks [Lugmair, 1974; Lugmair et a/.~ 1976; Papanastassiou et at., 1977] and in a hydrous environment in a terrestrial gabbro [DePaolo and Wasserburg, 1919b] . A successful total rock approach has been reported by H ami/ton et a/. (1977] .
The Sm-Nd data for BMD-2A are given in Table 3 and Figure 2 . The plagioclase separate shows 147 Sm/ 44 Nd ""' 0.18, much lower than that of the total rock (0.27). Th~ pyroxene separate contained 20% plagioclase and therefore has an Sm/ Jl{d rati<;> only slightly higher than the total rock. The data define an age of 508 ± 6 m.y. and initial 143 Nd/
44
Nd of ENd = +7.7 + 0.1 but only show a relatively small range in 143 Nd/ 144 Nd of -6 E units. The small uncertainty given by a York [ 1966] fit is due to the fact that the three data points are centered on the isochron to within 0.1 E units. The total rock points have higher concentration of Nd than both the pyroxene and plagioclase, so it seems unlikely that the line is a twocomponent mixing line. To confirm this age, we analyzed a second pyroxene gabbro. The Sm-Nd data on BMD-7 are shown in Table 3 and Figure 3 . The plagioclase and the pyroxene .show a much larger spread in 147 Sm/ 144 Nd (0.099-0.31) than that ofBMD-2A. BMD-7 yields an age of501 ± 13 m.y. and an initial ENd= 7.5 + 0.2. The uncertainties represent our best estimates and correspond to the maximum change in the slope of the isochron allowed by the lu uncertainties of the duplicate analyses of both data points. The large range of -14 E units permits this precise age determination. The concordant Sm/Nd ages for the two pyroxene gabbros strongly indicate that this is the time of crystallization. Insofar as the mobility of Sm and Nd during metamorphism and weathering is negligible, and since the data were obtained on primary magmatic phases, these ages are interpreted to be the crystallization age of the gabbro at the time of its emplacement in the oceanic crust. A nominal age of 505 m.y. is assigned to both samples. We have relied on an internal isochron, since ages obtained by total rock isochrons depend on the assumption that all the rocks had the same initial isotopic composition and age. This would not be expected to be a problem for minerals from a single total rock sample. The internal isochron has the disadvantage that later metamorphism is more likely to cause isotopic equilibration on the scale of minerals than on the scale of total rocks. We therefore also compare data from several other total rock samples with the internal isochron (Table 3 and Figure 4 ). One two-pyroxene gaJ>bro plots off the isochron by -1.1 E units and must represent a distinctly different age or initial value. The other sam_.ples plot on the mineral isochron. The harzburgite BMD·tSA is compatible with the mineral isochron, but the 143 Nd/
Nd ratio is much less precise, since it was measured on I ng of Nd and no firm conclusion can be drawn other than that it is not grossly aber- The ENd values for all samples are given for a nominal age of 505 m.y. in Table 4 . We obtain initial ENd in the range from +7.0 to +8.1 for metagabbro, trondhjemite, and metadolerite samples. The pillow basalt sample has a 147 Sm/ 44 Nd ratio which is very near to chondritic, so the initial value for this sample relative to the CHUR evolution line can be establiShed as ENd = + 7.6 ± 0.3, essentially independent of its age.
The orthopyroxenite layer (BMD-17) from the harzburgite has a similar value of ENd = + 7.4 ± 0.8. This indicates that the harzburgite is cogenetic with the remaining part ofthe ophiolite and supports the hypothesis that the harzburgite represents residual mantle remaining from the partial melting which produced the rest of the ophiolite. If we assume the same age for BOI-62B, we obtain a distinctly lower initial value of ENd = +6.5 ± 0.4. The observed inhomogeneity in initial Nd in this complex obviously makes precise age determinations by whole rock measurements difficult. Although field and petrologic evidence may suggest that all the samples appear to be differentiation products of the same magma, the data require that the parent magma was isotopically inhomogeneous owing to contamination or that the complex ~ the result of multiple injection from mantle sources with variable Nd isotopic composition. The total rock Sm-Nd method has been used to obtain ages often over a broad geologic scale and including distinctive lithic units [Hamilton et al., , 1979 Zindler et al., 1978] , although it is evident that the assumption of uniform initial isotopic composition does not apply even within a single profile through a well-defined complex as the Bay of Islands. Soine caution using this approach may be necessary. The Rb-Sr data are also shown in Table 3 , and the Esr values are given for a nominal age of 505 m.y. in Table 4 . The data for the gabbros, dolerites, and pillow basalts are shown in Figure 5 . Fig. 4 . Sm-Nd evolution diagram showing the data for whole rock samples of pillow basalt, sheeted dikes, trondhjemite, gabbros. and an orthopyroxenite layer in the harzburgite. The 508-m.y. mineral isochron for BMD-2A is shown for reference. All the data do p.ot fit the isochron. Note that BOI-62B does not lie on the mineral isochron and indicates a distinctive initial value. The data point for the orthopyroxenite BMD-17 indicates that the harzburgite is cogenetic with the upper mafic part of the ophiolite. , and since the sample shows only minor signs of alteration, we take this to indicate a significantly different initial Sr value from the two other samples. The difference in 87 Sr/ 86 Sr cannot be due to an age difference. It appears that the three pyroxene gabbros show significant differences in initial Sr. BOI-62B also shows a significantly different initial Nd from those of BMD-7 and BMD-2A.
Sr analyses were carried out also on samples of metagabbro, trondhjemite, metadolerite, and pillow basalt which had obviously been subject to hydrothermal metamorphism. These samples give a wide spread in E 8 , from +6.2 to +32.5, which is very different from the tightly clustered ENd data. We note that the E 8 , values in general show an increase with the degree of metamorphism and alteration. This further demonstrates the much larger mobility of Rb-Sr compared to Sm and Nd during hydrothermal and metamorphic processes, as has been evident from previous studies. This is most likely due to the lower solubility of REE in aqueous solutions and the difference in diffusivity in the solid phases, as compared to Rb-Sr.
The harzburgite BMD-18A has both a high 87 Rb/ 86 Sr ratio and 87 Sr/ 86 Sr ratio for an ultramafic rock (Table 3 ). The 87 Sr/ 86 Sr ratio for this sample is less precise than for other samples, since it was measured on only 20 ng of Sr. It yields a T 8 A 81 model age of 414 ± 6 m.y., and, following the discussion of ToABI model ages by Wasserburg and Papanastassiou [1975] , this demonstrates that this sample has been disturbed subsequent to this time. Rb-Sr data for harzburgites from alpine peridotites and ophiolites by other workers show that primary minerals have much lower Rb/Sr ratios (Menzies and Murthy, [1978] and that secondary phases often have high Rb/Sr ratios (Brueckner, 1975] . The high Rb/Sr ratio measured in BMD-18A may thus be related to serpentinization of the sample. The serpentinization of harzburgites in ophiolites is known to occur after their emplacement on the continents (Wenner and Taylor, 1973] , so the younger age is plausible. The relatively fresh orthopyroxenite BMD-17 also has a relatively high Rb/Sr ratio, but it is only one tenth of that in the harzburgite.
Strontium I so tope Contamination
Isotopic studies of ocean floor basalts and of the Troodos ophiolite have clearly demonstrated that 87 Sr/ 86 Sr in altered samples generally has been increased owing to interaction with seawater [Dasch et al., 1973; Spooner et al., 1977] O'Nions et al., , 1978a . Present-day oceans appear to be large, well-mixed reservoirs of Sr with 87 Sr/ 86 Sr = 0.7091 ± I, or E 8 ,(0) = +65.3 ± 1.4 (Papanastassiou et al., 1970; Hildreth and Henderson, 1971] , and a Sr concentration of 7.9 ppm (Holland, 1978] and are thus isotopically distinct from oceanic basalts. The 143 Nd/ 144 Nd ratio in seawater show a large range from ENd(O) = -1 to -14 (DePaolo and O'Nions et al., 1918a; Piepgras et al., 1979] Since there is a general increase in the Es, value with the degree of alteration, we attribute these higher values to contamination by seawater. The magnitude of the Es, shifts is similar to that observed in the much younger Troodos ophiolite [Spooner et al., 1977] .
The amount of seawater needed for the observed Es, shift may be calculated. The volumetric water/rock ratio(= W/R) is given by
where B denotes the unaltered sample and SW denotes seawater. We use Es/ = -19.3 and Es/w = +72 (estimated for Cambrian seawater; (Veizer and Compston, 1974] ) and p"" 3 g/cm 3 • This model assumes 100% efficiency in Sr exchange and therefore gives a minimum water/rock ratio. The bulk seawater rock ratio for the metagabbro is thus at least -130: I and for the pillow basalt at least -23 : l.
Using the above mentioned parameters for Sr and assuming that Cambrian seawater has ENd = -5, we can calculate the mixing curve between an uncontaminated rock (Nd = 8 ppm and Sr = 120 ppm) and seawater. The shape of the mixing curve depends on the parameter Ks,;NdR-w = (Sr/Nd)rock/(Sr/ Nd)seawater = 5.7 X w- [1978] . The Bay of Islands Complex clearly has an oceanic affinity. The average value (+7.6) is, however, somewhat smaller than the average value of MORB (+10). This is most likely due to differential evolution of the oceanic mantle relative to the bulk earth over the past 0.5 aeon.
( Figure 7) . The water/rock ratios shown on the mixing line in Figure 7 assume 100% efficiency of exchange for Nd and Sr. In this case the ENd value cannot change significantly before the water/rock ratio is -10 5 • Oxygen and Sr isotope data and Fe 2 0 3 /Fe0* ratios together with other geological evidence strongly suggest that the pervasive hydrothermal metamorphism observed in the pillow 14 lavas and sheeted dikes of ophiolites occurred in a sub-seafloor geothermal system at a spreading center [Spooner et al., 1974 [Spooner et al., , 1977 . The Bay oflslands data indicate that similar geothermal systems may have been active in Cambrian ocean ridges. The upper oceanic crust (pillow lavas and sheeted dikes) seems to have been a sink for Sr from seawater throughout the Phanerozoic. This can result in recycling of continental Sr into the mantle in subducted oceanic slabs. Nd and Sr isotopic studies of some young island arc tholeiites and dacites Hawkesworth et al., 1977] suggest that they may be derived from altered oceanic crust, since they plot to the right of the MORB field in an ENd" Es, diagram, as do altered oceanic basalts. The data presented here suggest that this may be a characteristic of island arc rocks back to Cambrian times if they were derived by melting subducted oceanic slabs.
Observed ENd -Es, and Their Correlation
We show a histogram of ENd for young oceanic and continental basalts and for the Bay of Islands Complex in Figure 6 . The initial ENd values for the Bay of Islands samples are in the range from +6.5 to +8.1, lie slightly lower than those for typical present-day midocean ridge tholeiites, and are thus clearly distinct from CFB. The Nd isotopic affinity with oceanic basalts can be easily seen. Richard eta/. [1978] have reported ENd (0) and Es, (0) values for some young ophiolitic gabbros that also indicate their oceanic nature.
We now examine how the Bay oflslands ophiolite data plot on the ENd -Es, correlation diagram to determine whether the regularities observed for young oceanic samples also apply to old samples. Previous studies have shown that ENd and Es, correlate well, especially for ocean ridge and oceanic island basalts. This regularity does not appear to be valid for island arcs owing to Sr contamination by seawater [DePaolo and Wasserburg, 1916b, 1977; Hawkesworth et al., 1977) . Mid- Wasserburg, 1916b Wasserburg, , 1979a . Figure 7 shows the fields of various types of young basaltic rocks. The data for the pyroxene gabbros plot in the upper part of the oceanic island field and near the lower end of the MORB field. The field of island arc tholeiites also includes these data points. However, the structure and geochemistry of the Bay of Islands Complex strongly suggest that it formed at a chemically normal midocean ridge. Figure 7 should be for old samples, it is necessary to utilize specific models of mantle evolution. This 0.5-aeon-old ophiolite has characteristic oceanic ENn values which have been preserved both for altered and unaltered samples. This shows that the Nd isotopic signature may be used as a method to trace remnants of obducted oceanic crust in the Appalachian-Caledonian mountain chain in places where later tectonism and metamorphism have destroyed other geologic evidence.
Comparison With Previous Age Data
Late Precambrian flood basalt and associated feeder dikes that intrude Precambrian basement gneisses in northwest Newfoundland are overlain by arkosic sandstones and Lower Cambrian shales [Williams and Stevens, 1969] . They are believed to have formed during the initial continental rifting which produced the Proto-Atlantic (Iapetus) Ocean [Bird and Dewey, 1970] . Stukas and Reynolds [1974a] Newfoundland occur in allochthonous thrust slices, so a stratigraphic lower limit to their age is not well defined, but if the above arguments are correct, they should be younger than 615 m.y. Stratigraphic evidence further indicates that the main closure of Iapetus was completed by Middle Ordovician [ Williams and Talkington, 1977] . Tremadocian sediments, associated with ophiolitic rocks of the Little Port Complex [ Williams, 1973] , indicate a minimum age of -490 m.y. The Little Port Complex is a polyphase deformed ophiolitic assemblage which lies to the west and is in steep structural and igneous contact with the Bay of Islands Complex [Karson and Dewey, 1978] . Ar age of 463 ± 9 m.y. [Archibald and Farrar, 1976] . Amphiboles from sheeted dikes and gabbros give a ~- 40 Ar age of 461 ± 12 m.y. and an 40 Arjl 9 Ar age of467 ± 7 m.y. [Archibald and Farrar, 1976] . These ages (-470 m.y.) were interpreted as the time of tectonic emplacement (obduction) of the ophiolite. Dated amphiboles within sheeted dikes and gabbros give argon ages indistinguishable from those of the metamorphic aureole. The time of final emplacement is bracketed by the middle Llanvirnian age of the youngest autochthonous rocks beneath the Humber Arm Allochthon and the late Llandeilian age of the oldest unit of the neoautochthonous Long Point Group which unconformably overlies the allochton [Bergstrom eta/., 1974] . Using the revised Ordovician time scale of Churkin et a/. [1977] , this corresponds to 455-465 m.y. It appears that the Bay of Islands ophiolite was providing clastic detritus to greywackes of the Humber Arm Supergroup by the late Arenegian (Stevens, 1970] , which indicates that the initial obduction of the ophiolite occurred at or before this stratigraphic time 1 The 470-m.y. age of the metamorphic aureole is currently used as an important reference point in the calibration of the absolute Ordovician time scale [Dallmeyer and Williams, 1915; Churkin et a/., 1977] .
U-Pb data for zircons from a trondhjemite from within the Blow-Me-Down gabbro have been interpreted to give a time of crystallization of the complex of 504 ± 10 m.y., assuming that 460 m.y. represents a time of isotopic disturbance [Mattinson, 1976] . The three data points plot on a discordia line between these two times, but they are all within error of the concordia curve at significantly different times. This is because the concordia curve is nearly a straight line for this time interval, and it is thus difficult to interpret the U-Pb data. Mattinson [1975] reports U-Pb data on zircons from a trondhjemite of the adjacent Little Port Complex which give an age of 508 ± 5 m.y. This was also interpreted as the time of crystallization of this complex. The data from this complex define a discordia between T -0 and T = 510 m.y., with all the data close to the upper intercept. There is no indication of a 470-m.y. event in the U-Pb data, although amphiboles from this complex give K-Ar ages of -470 m.y. [Archibald and Farrar, 1976] . The U-Pb ages strictly provide only minimum age limits for these complexes. The Sm-Nd internal isochrons on gabbros BMD-2A and BMD-7 reported in this work give ages of 508 ± 6 m.y. and 501 ± 13 m.y. The similarity of the Sm-Nd and U-Pb ages gives further evidence for interpretation of this as the original time of crystallization of the oceanic crust now occurring in the Bay of Islands Complex.
Age data exist for two other ophiolites in Newfoundland. U-Pb data on zircons from a trondhjemite dike cutting the Nippers Harbor (Betts Cove) ophiolite define a discordia between T-0 and T = 463 ± 6 m.y., with all the data close to the upper intercept [Mattinson, 1975] . Mattinson interpreted this as the time of formation of the ophiolite. The Betts Cove ophiolite is overlain by Early Ordovician (Arenigian) sediments, so unless the Ordovician time scale is drastically revised, this suggests that the rock dated by Mattinson does not belong to the ophilite or that the U-Pb system in the zircons was reset during a later thermal event. A 40 Ar j3 9 Ar age of 504 ± 5 m.y. was determined by Stukas and Reynolds [1974b] on large crystals of primary hornblende from the Brighton gabbro, which intrudes the Lushs Bight sheeted dikes and pillow lavas in central Newfoundland. The age was interpreted with some caution as the time of primary crystallization.
The precise times of formation of these ophiolites and their time of emplacement are important in plate tectonic models for the Appalachian-Caledonian mountain chain and for establishing the absolute time scale of the lower Paleozoic. From the data outlined above, the times of formation of the Bay of Islands Complex, both as a segment of oceanic crust at 505 m.y. and of obduction at 470 m.y., seem now to be well established.
MODELS FOR THE EVOLUTION OF THE SOURCE OF MIDOCEAN RIDGE BASALTS
From the ENd and E 8 , values of midocean ridge basalts it is clear that the MORB have been derived from a mantle reservoir that has suffered depletion of LIL elements and this reservoir must have existed for long times. The only plausible long-lived LIL element enriched reservoir that could be the complement to the MORB source is the continental crust. The MORB source is thus likely to have formed as a residue after previous partial melting events in the mantle that formed part or all of the continental crust. [1978] . The f values for the parent reservoirs are not measured directly; in particular, for the depleted residue it is necessary to make some estimates of the f.
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values to find T 0 for the MORB source from (5). In the section on the LIL element patterns we estimated f. Rb;s, = -0.9 and f,smJNd = +0.22. For a simple model with a single differentiation event these f. values should be the same for all time in the LIL-depleted residue. Normal modern MORB have average E 8 , = -27 and ENd = + 10, so by using the above f. values and (5) we get T 0 of 1.8 aeons for both Sm/Nd and Rb/Sr. As f. Rb;s, is close to its limit of -1, it is therefore not subject to substantial error. Since f.Rb;s, > -1, it also follows that T 0 > 1.6 aeons. Note that we use average values estimated for the MORB source reservoir for these calculations.Car/son et al. [1978] used fSm/Nd and ENd values for individual MORB samples and obtained a diversity of TcHuRNd model ages (l.0-1.3 aeons). Whether this dispersion reflects real variation in source ages or changes in fsm/Nd during magmatic differentiation is not yet understood. Typical values for the Bay of Islands source from the data in this paper were inferred to be ENd = +7.6 andEs,= -19.3. Using these values, the age ofO.S aeon and the above f. values give T 0 of 1.9 and 1.8 aeon for Sm/Nd and Rb/Sr, respectively. The fact that we get nearly the same value for T 0 for two different points in time could be taken as evidence that this time represents a unique differentiation event. Note, however, that the depleted mantle could also be produced over a time of the order of 3.6 aeons and have a mean age of 1.8 aeons, and the value of T 0 calculated does thus not necessarily define a single event. In discussing whether the MORB source was in fact produced in a single event, it is necessary to address the problem of whether a single-event model can explain the dispersion in the data for young MORB samples and also the mantle array ( Figure 9 ). We will therefore discuss how ENd and Es, depend on the times of differentiation and Rb/Sr and Sm/Nd fractionations in the mantle by assuming equilibrium melting.
Modeling of Fractionation Patterns in the MORB Source and the Timing of Fractionation Events
It has been shown previously that modeling the relationship between fRb;s, and fsm;Nd for melts and residual solid can aid in the interpretation of Sm-Nd and Rb-Sr isotopic data Carteret a/., 1978; O'Nions et al., 1978b; Hawkesworth et al., 1978; DePaolo, 1979] .
In the following we discuss the systematics of ENd and Es, ValUeS and the [Rb/Sr and rsm/Nd in the residual SOlid Which is the parent reservoir of the basalts. The residual solid is assumed to be produced after partial melting of an undepleted mantle reservoir. We assume equilibrium partial melting. The relationship between ENd and Es, in the depleted reservoir depends on the function G: f,Sm/Nd = G(f,Rb/S') From (5) and (6) we get
For melting where complete chemical equilibrium is maintained between bulk liquid and all phases present in the solid, the previous melting history is not relevant if the system remains closed. The bulk distribution coefficient is defined by
where c. is the concentration in the solid, em the concentration in the liquid, X, the mass fraction of mineral i in residual solid, and K, the mineral/melt partition coefficient for mineral i. The· concentration in the melt relative to that in the initial total system C 0 is given by (9) where F is the mass fraction of the system that is present as melt [Shaw, 1970; Consolmango and Drake, 1976] . The concentration in the residual solid is given by C, D
where D is a function of the degree of melting. Assuming that the phases always melt in constant proportions, then D is re-
where X, 0 is the mass fraction of mineral i in the original solid. Let p 1 be the mass fraction of mineral i in the melt and F(l -P) which are equations (12) and (15) of Shaw [1970] . For theresidual solid, (8) and (ll) give C, Do-PF(Cm) Do-PF
Enrichment factors for liquid and residual solid as a function ofF are then given by
Equivalent formulas hold for f m Rb/Sr and f,Rb/Sr. The function G is thus determined by formulas for f. Rb/Sr and f. sm;Nd through the fraction of melt F. Equations analogous to (14) have been given by DePaolo [1979] for equilibrium melting and fractional melting in the special case when D 0 = P.
The limiting slope for the residual solid as F--+ 0 is
DePaolo [1979] has shown that (15) also holds for modal equilibrium melting and modal fractional melting. It can in fact be shown from (10) that (15) holds for any kind of equilibrium melting.
The relationships between ENd and E 5 , in the residual solid subsequent to a partial melting event at time T 0 may be calculated from (5) and (14). Basalts generated by subsequent melting of the residue will have ENd and Es, values of the residue at the time of later melting as given by (5) for J.Rb/Sr and f. 5 m/Nd calculated from (14). A cartoon illustrating various constant (T 0 -1) curves and constant F curves is shown in Figure 8 for the case where DRb << D 8 , ::5 DNd < Dsm· For a constant gree of melting or for asymptotically small amounts of melting, f,sm/Nd = a[,Rb/sr, where a is a constant which may be calculated from (14). It follows that (16) All reservoirs with the same degree of melting will thus lie on a line for all times. The position of the melt on the line will depend on (T 0 -1) as given by (5). The area in Figure 8 labeled partial melt corresponds to the evolution in time of the melt removed from the residual solid at T 0 • This complementary material presumably represents crustal material formed at that time. For a constant degree of melting the relationship between the slopes for residual solid and partial melt is given by (17) The break in slope at the origin for constant F curves may be calculated from (17). For various degrees of melting, all reservoirs with the same value of (To -1) will lie on a curve whose shape depends on the function Gin (6). Figure 8 shows schematically the relationship between lines and curves expected for different values ofF and (To -1). If we derive magmas today from residual mantle reservoirs formed in a partial melting event T 1 years ago with a range in degree of melting between F 1 and F 2 , then they should have initial ENd and E 8 , which plot on the curve for (To -1) = T 1 and be bounded by the intersections with the lines labeled F 1 and F 2 • We note that since depleted mantle reservoirs have Sr/Nd ratios close to chondritic, mixing curves between depleted and undepleted reservoirs would be essentially straight lines between the end-members. If mixing occurred between these reservoirs and an undepleted mantle reservoir at the origin, then magmas derived today may have values anywhere in the field bounded by the curve T, and the lines F, and F 2 • We will now apply the above relations to a specific example. For the original unfractionated reference reservoir we assume a fertile garnet peridotite mineralogy with the initial mass fractions of the various phases: olivine = 0.55, orthopyroxene = 0.15, clinopyroxene = 0.15, and garnet = 0.15. Various mineralogies have been suggested on the basis of modeling of geophysical data [Ahrens, 1973] , the modal abundances in mantle ·xenoliths [Harris eta/., 1967; Jackson and Wright, 1970; Carter, 1970; Maal6e and Aoki, 1977] , and geochemical models [Ringwood, 1975] . Our choice is fairly similar to the pyrolite model of Ringwood [1975] . The melting proportions of the above phases are assumed to be 0.03, 0.07, 0.45, and 0.45, respectively, and will leave a residue of harzburgite after 33% melting. The LIL element distribution are not sen- sitive to the choice of eutectic proportions. The distributions coefficients used (Table 5) (Figure 9 ). The calculated constant (T 0 -1) curves all have an initital slope given by the line labeled F = 0. This initial slope is much less than that of the Mantle Array, so it cannot be explained by asymptotic behavior of the constant (To-1) curves. With increasing degree of melting the constant (T 0 -1) curves get steeper and intersect the Mantle Array. The shape of these curves is a result of the fact that the bulk distribution coefficients DRb << Dsr :OS DNd < Dsm for our choice of source mineralogy. From the distribution coefficients given in Table 5 , it seems likely that the constant (T 0 -1) curves would have this shape for the most reasonable choices of source mirieralogy if the major phases are controlling the LIL element fractionation during partial melting. If minor phases like amphibole, phlogopite, or apatite are important residual phases, then this is not necessarily true (Table 5) , and the Mantle Array could possibly be due to asymptotic behavior of the constant (To -1) curves. However, then this would require that the initial mineralogy melted always should have constant proportions of these minor phases to satisfy (15). We feel that at present there is insufficient evidence for this and conclude that the shape of the constant (T 0 -1) curves in Figure 9 is correct. We also note that the degree of melting assigned to each point on a constant (To-1) curve will be much more model dependent than the shape of the curve, since the steep part is due tO the fact that as [Rb/Sr approacheS its lower limit Of -1, the position of the curve is not model dependent.
The data points for pyroxene gabbros from the Bay of Islands Complex are shown in Figure 9 . As discussed previously, the gabbro with the lowest Esr value is thought to have the typical value of ENd and Esr for the Bay of Islands source. Using the time grid on Figure 9 , this corresponds to an intersection of a curve with (To-1) = 1.35 aeons and a line with F = 0.03. The source may thus have been derived from a layer segregated 1.35 aeons prior to the formation of the 0.5-aeonold Bay of Islands Complex, which corresponds to an isolation of the somce 1.85 aeons ago. This is again consistent with the T 0 value obtained previously for young MORB. This single-stage model allows us to evaluate the position of the Bay of Islands source if it had evolved up to the present instead of being partially melted -500 m.y. ago. This displacement is shown by the arrow in Figure 9 and indicates that the Bay of Islands source would have had ENd -10.5 and Esr --27 if it had evolved up to today in this single-stage model. Sources are Griffin and Murthy [1969] , Phi/potts and Schnetz/er [1970] , Schnetzler and Phi/potts [1970] , Hart and Brooks [1974] , Shimizu [1974] , Grutzeck eta/. [1975] , Shimizu and Kushiro [1975] , Weill and McKay [1975] , McKay and Weill [1976] , and Beswick and Carmichael [1978] .
It is of special interest here to look in detail at the data base for present day MORB. Figure 9 shows existing data for normal and chemically anomalous MOR tholeittes. The data for anomalous MORB (O'Nions eta/., 1977; Richard eta/., 1976] are mainly from the geochemical transition zone south of the Azores and have trace element and_isotopic characteristics intermediate between the Azores platform and normal ridge tholeiites (White and Schilling, 1978] . One sample is from the geochemical gradient observed along the Reykjanes Ridge south of Iceland (Schilling, 1973; . The data for normal MORB spread out along the Mantle Array as shown in Figure 9 , and the data cannot be explained as samples of differe_rit reservoirs with different f.
values formed at one time, since they do not follow the steep part of any constant (T 0 -n curve. The diagram rather indicates that the source of the normal MORB formed as residue after melting over a time interval from -2.3 to 1.5 aeons ago with a relatively constant degree of melting ofF= 0.025-0.40 to form the continents. The MORB may, of course, represent an arbitrary degree of melting which is not directly related to the values ofF given here. The average MORB represented by the cross in Figure 9 , indicates that the mean value of T 0 is 1.9 aeons for the MORB source today. The anomalous MORB are displaced toward somewhat lower E values along the Mantle Array. Younger differentiation ages are thus indicated for the source of anomalous MORB in the range from 1.7 to 1.0 aeons ago. The oceanic island magmas mainly cluster around ENd = +6 but spread out along the correlation line to ENd -0, and this may indicate even younger differentiation ages for their sources. We conclude that while it is possible to explain the MORB data alone by partial melting of a reservoir formed in a unique event, it is not possible to explain the anomalous MORB or the Mantle Array by such a one-stage model. It is possible that one may have a variety of depleted mantle reservoirs formed at different times owing to partial melting events with relatively constant degree of melting. The set of all such reservoirs would, if sampled today, plot on a line. One may thus get the Mantle Array by having layers of different T 0 and with Fin the range from-0.02 to 0.04 as indicated in Figure 9 . Today this would give the isotopic characteristics of basalts which lie on the correlation line. Mixtures of such reservoirs formed at different times would then also always lie on the correlation line. The simplest choice is to have only two reservoirs, the samples with isotopic characteristics intermediate between these two reservoirs being blends of these two sources. The simplest choice of end-members is the endpoints of the Mantle Array. We thus choose the source of normal MORB for the LIL-depleted end-member and the origin (CHUR, UR) as the undepleted end-member. This model must still explain the scatter around the Mantle Array which is not addressed here. The age of the undepleted reservoir is 4.55 aeons, while the age of the depleted reservoir is probably of the order of 3.6 aeons, as discussed previously, and its mean age is -1.8 aeons. Interpretation of the Mantle Array as a mixing line is basically in agreement with the interpretations by Schilling [ 1973] , , and White and Schilling [1978] that anomalous MORB magmas are derived by mantle plume mixing with a LIL-depleted asthenosphere. We conclude that the Mantle Array may be most simply explained as a result of mixing of the MORB source and an undifferentiated mantle source (DePaolo and Wasserburg, l976b; Hawkesworth et a/., 1978; DePaolo and Wasserburg, 1919a; DePaolo, 1979] .
Significance of Differentiation Ages for the MORB Source
Single-stage Rb-Sr and Sm-Nd differentiation ages for the MORB source give -1.8 aeons. This is similar to differentiation ages derived from mantle isochrons (Sun and Hanson, 1975; Sun and Jahn, 1975; Brooks et al., 1916a, b; Church and Tatsumoto, 1975; Tatsumoto, 1978] for both MORB and ocean island basalts. This would suggest that the widespread formation of continental crust -1.8 aeons ago is coincident with the formation of the MORB source reservoir. We believe that a single differentiation event cannot explain the ENd and Es, data for MORB and the Mantle Array and that the range in observed values is most likely due to mixing of depleted mantle with undepleted mantle. The continental crust is also known to have formed in many events, with the most important occurring at -0, 0.5, 1.0, 1.8, 2.6, and 3.6 aeons ago. Each crustforming event must also have produced a complementary depleted mantle reservoir. The average f.sm;Nd value for the depleted mantle is +0.22, so we should see a range of ENd values from 0 to +20 for depleted mantle formed over a time span of 3.6 aeons if no mixing occurred in the depleted mantle. Instead, the normat oceanic mantle shows a rather limited range from +8 to + 12, implying relatively rapid mixing in the depleted mantle. The average rsm/Nd is +0.12 for the upper oceanic crust and is +0.42 for the lower oceanic crust. If large blocks of the oceanic crust made up of these different materials were preserved, then heterogeneities of -4 ENd units should develop on a time scale of 0.5 aeon unless these units get well mixed after being subducted back to the oceanic mantle. As the total range in ENd today is -4 E units and the Bay of Islands Complex gives an ENd value consistent with the mean f.sm;Nd value for the MORB source, we therefore infer that rapid mixing must have occurred in the oceanic mantle for at least the last 1.0 aeon. The reason that we get consistent differentiation ages for the MORB source from two decay systems using its average E and f values is thus likely to be due to the oceanic mantle having been relatively well mixed through time rather than having it formed in a discrete event. The mantle isochrons referred to above are thus interpreted as mixing lines between undepleted mantle and depleted mantle of mean age -1.8 aeons. This times does not refer to any differentiation event, and the time scale of formation of this reservoir must be of the order of 3.6 aeons, which is compatible with the evidence from ages of contine~tal crustal rocks. In a companion paper on mean ages of mantle and crustal reservoirs (Jacobsen and Wasserburg, 1979] we will discuss models where the continental crust and a complementary depleted mantle reservoir are built gradually throughout the history of the earth.
CONCLUSIONS
The time of crystallization of the Bay of Islands Complex has been determined as 508 ± 6 m.y. and 501 ± 13 m.y. by two Sm-Nd mineral isochrons on the pyroxene gabbros from the Blow-Me-Down massif. This time refers to the time of crystallization as a part of the Iapetus oceanic crust. This age agrees with a previously determined age by U-Pb on zircons from a trondhjemite and demonstrates the usefulness of the Sm/Nd technique for dating gabbroic rocks in ophiolites. The time of obduction of the Bay of Islands Complex is determined by previously published K-Ar ages as 470 m.y.
The oeeanic nature of the complex was previously demonstrated by its structure and petrology. The LIL element pat-terns and isotopic data presented here are clearly in agreement with this interpretation. The origin of many early Paleozoic greenstone sequences, gabbros, and ultramafics is uncertain owing to the fact that later metamorphism and tectonism have obliterated evidence for their oceanic or continental nature. It appears that the distinctive ENd values of oceanic crust may now be used to identify ancient abducted oceanic lithosphere.
A small range of initial Nd of ENd = +6.5 to +8.1 is obsel"Ved for different rocks within the complex including an orthopyroxenite layer from the harzburgite, whereas the initial Sr on the same samples show a large range of Es, from -19 to +3~. The observed change in ENd from +7.6 to +10 for the oceanic mantle over the last 0.5 aeon is quantitatively expectable for a simple single-stage model of mantle evolution. The large range observed in Es, values cannot be explained by mantle evolution. The wide range in Es, with an almost constant ENd is due to major interaction with seawater and thus show that the early Paleozoic ocean floors were also important sinks for radiogenic crustal Sr.
Modeling of the Rb-Sr and Sm-Nd fractionation patterns in the source ofMORB strongly suggests that the data array cannot be explained by a single differentiation event to form the depleted mantle but instead most likely requires mixing of depleted and undepleted mantle sources. Single-stage differentiation ages for the source of MORB are identical for modern MORB and the Bay of Islands Complex and give -1.8 aeons. This is similar to previously proposed differentiation ages derived from mantle isochrons. This age is, however, interpreted as the mean age of the MORB source and does not refer to a unique event. The total time for producing this source by a uniform process would be of the order of 3.6 aeons.
Normal MORB today show a limited range of ENd from +8
to + 12. This limited range and the consistent results for the 0.5-aeon-old Bay of Islands Complex must imply relatively rapid mixing in the source of the MORB for at least the last l aeon.
